Introduction
At the end of the Variscan orogeny, several small coal basins developed along major structural lines (Colmenero and Prado 1993; Colmenero et al. 2008) in what is now the Cantabrian Mountain region of Northern Spain. These basins are considered to have initially formed as small pullapart basins along strike-slip fault systems under a Late Carboniferous syn-orogenic transtensional regime (Julivert 1971; Reading 1975; Heward and Reading 1980; Wagner and Winkler-Prins 1985; Alonso et al. 1995; García-López et al. 1997 , 2007 Bastida et al. 1999) . Many of these basins in the Southern Cantabrian Zone (SCZ) were structurally controlled by a major E-W trending Variscan strikeslip fault system, named the Sabero-Gordon Line (Julivert 1971; Reading 1975; Heward and Reading 1980; Alonso et al. 1995; García-López et al. 1997 , 2007 Bastida et al. 1999) . Transpressional faulting and folding during the later Abstract Apatite fission track (AFT) central ages from Carboniferous (Stephanian) tonsteins of the Sabero Coalfield, NW Spain, range from 140.8 ± 7.5 to 65.8 ± 8.1 Ma (Cretaceous), with mean c-axis projected track length values ranging from 12.5 to 13.4 μm. Mean random vitrinite reflectance (R r ) of these samples ranges from 0.91 to 1.20 %, which can be translated into maximum palaeotemperatures of ca. 130 to 180 °C. All analysed samples experienced substantial post-depositional annealing. The considerably younger AFT ages compared to the depositional ages of the samples and R r data indicate the certainty of the occurrence of at least one heating event after the deposition of strata. The unimodal track length distributions, the relatively short mean track length, and the rather low standard deviation (SD) (1.0-1.6 μm) indicate a relatively simple thermal history that could be related to the post-Late Variscan heating event followed by prolonged residence in the apatite partial annealing zone (APAZ). Geological data combined with thermal models of AFT data indicate that Stephanian strata reached the maximum palaeotemperatures in the Permian period, which was therefore the major time of the coalification processes. The Permian magmatic activity was responsible for a high heat flow, which, with the added effect of sedimentary burial, could account for 1 3 stages of the Variscan orogeny at the end of the Carboniferous to the early Permian resulted in basin closure and inversion (Julivert 1971; Alonso et al. 1995; García-López et al. 1997 , 2007 Bastida et al. 1999) . This study examines the thermal history of one of these small basins (~12-15 km long and 3-4 km wide) located along the eastern end of the Sabero-Gordon fault line (Fig. 1 ) that contains the Sabero Coalfield (Heward and Reading 1980; Knight 1983; Knight et al. 2000) . As little is known about the post-Variscan cooling history of this region (Carrière 2006; Grobe et al. 2010) , we conducted an apatite fission track (AFT) thermochronometry study to define the thermal history of the Late Carboniferous (Stephanian) sediments of the Sabero Coalfield. The Sabero sedimentary sequence includes volcanic ash layers (tonsteins; Knight et al. 2000; Botor 2005 ) that provide precise time-temperature reference points in the stratigraphy, essential for accurate thermal history reconstruction.
Geological setting
The Sabero Coalfield (Fig. 1) is located in the south of the Cantabrian Zone, which represents the core of the Variscan Ibero-Armorican Arc. The study area constitutes part of the external zone of the Variscan orogenic belt in the NW part of the Iberian Peninsula (Marcos and Pulgar 1982) where two different successions can be recognized in relation to Variscan deformation (Julivert 1971; Marcos and Pulgar 1982) : one pre-orogenic and one syn-orogenic. The preorogenic sequence comprises lower Palaeozoic siliciclastic rocks and Devonian carbonate and clastic formations. The syn-orogenic Carboniferous pile has been interpreted as a foreland basin sequence (Julivert 1971; Marcos and Pulgar 1982) . Both successions were folded and thrust between Westphalian B and Stephanian times (Julivert 1971; Pérez-Estaún et al. 1988; Bastida et al. 1999) . The main period of the Variscan deformation ended around 300 Ma, based on recent palaeomagnetic data that record the oroclinal bending of the Variscan Ibero-Armorican Arc ( Van der Voo et al. 1997; Weil et al. 2001 Weil et al. , 2010 . This caused extension, crustal thinning, and strike-slip movements in the outer part of the orocline as well as compression and strong crustal thickening in the inner part (Gutierrez- Alonso et al. 2004) and was closely followed by delamination of the thickened lithospheric root and post-orogenic extensional collapse (Dallmeyer et al. 1997; Martinez-Catalan et al. 1997) . The Variscan orogeny of Northern Spain was subsequently affected by the Alpine tectonics, which caused some structural reactivation (Alonso et al. 1995) .
Over 2000 m of Stephanian A-B clastic sediments (conglomerates, sandstones, and shales with intercalated coal seams with tonsteins) were deposited unconformably on older Palaeozoic rocks in the Sabero Coalfield (Heward 1978; Knight 1983; Wagner and Winkler-Prins 1985; Knight et al. 2000; Colmenero et al. 2008 ). The Stephanian A strata contain about 20 coal seams and coal intercalations, whose thickness ranges from 0.3 to 2.0 m, and the Stephanian B strata contain over 50 coal seams and coal intercalations, with thicknesses between 0.1 and 3.5 m (Knight 1983; Knight et al. 2000; Colmenero et al. 2008) . Major folding of Stephanian sequences occurred in either Late Stephanian or Early Permian times (Reading 1975; Heward and Reading 1980; Wagner and Winkler-Prins 1985) .
Small intrusions of sills and dykes, ranging in thickness from 1 to 15 m, are exposed along the northern and southern boundaries of the Sabero Coalfield (Knight 1983; Ayllon 2003) . These rocks, which are mainly dioritic to basic in composition, have geochemical affinities with the igneous rocks penetrating through the deposits of other Stephanian coalfields of the SCZ, as well as with Late Palaeozoic intrusive stocks occurring in other parts of the Cantabrian Zone (Munoz et al. 1985; Fernández-Suárez et al. 2000) . Most plutonic stocks in the Cantabrian and northern Central Iberian Zones have a tonalite-granodiorite-monzogranite composition. They appear along with mafic to intermediate dykes and were intruded mainly between 295 and 285 Ma (Early Permian), indicating that post-orogenic extension had begun by that time (Fernández-Suárez et al. 2000) .
It is unclear whether Permian to Cretaceous sediments once covered the SCZ and were eroded later, since Permian to Cretaceous sedimentary rocks are not present in the SCZ (Lopez-Gomez et al. 2002) . A former Permo-Triassic cover has been proposed (Alonso et al. 1995) , and some Cretaceous sedimentation can also be expected, as this was a period of renewed extensional tectonic activity across the Iberian microplate that caused widespread regional subsidence (Lobato et al. 1984; Schwentke and Kuhnt 1992; Reicherter and Pletsch 2000) . Cretaceous (Albian-Santonian) shallow marine sediments (calcarenites and mudstones) 150-800 m in thickness are known from the western end of the study area ( Fig. 1) (Evers 1967) . Towards the south, Palaeozoic sediments are covered by the Cretaceous and Tertiary basin-fill of the Duero Basin (e.g. Alonso et al. 1995) .
Following extension, the Cantabrian Mountains underwent Cainozoic uplift related to the Alpine orogeny. Many Variscan faults (like the Sabero-Gordon fault) were reactivated along the southern border of the Cantabrian Zone (Alonso et al. 1995) including the steep (65°) south-dipping, E-W oriented La Llama fault (Fig. 1 ) that cross-cuts the coalfield and displaces the unconformably overlying Cretaceous rocks in the west. During its latest movement, this fault acted as a thrust plane, producing a downthrown displacement of about 400 m to the north (Evers 1967; Knight 1983; Knight et al. 2000) . Previous studies related to thermal history of the study area
In the SCZ, the Stephanian coal-bearing basins are distributed along deep-reaching strike-slip faults formed as a consequence of transtensional movements that migrated westward with time during the late stages of the Variscan orogeny (Aller et al. 2005; Colmenero et al. 2008) . As the Stephanian sedimentary rocks in the basins generally have a higher coal rank than older Palaeozoic sediments in the same region, it has been suggested that the local magmatism (sills and dykes, volcanism) increased thermal maturation (Aller et al. 2005; Colmenero et al. 2008) , producing a coal rank of up to anthracite level (above 2.0 % R r ). In the Cinera-Matallana Coalfield (14 km west of the Sabero Coalfield), where the coal ranks are higher (R r up to 2.6 %; R r gradients are also higher), the average palaeogeothermal gradient during the Early Permian has been calculated as 85 °C/km with a heat flow of 150 mW/m 2 (Frings et al. 2004) , although Mendez (1985) estimated a lower palaeogeothermal gradient of 60-70 °C/km, similar to other Stephanian coal basins across the Cantabrian Zone . Heat transfer by magmatism and related hydrothermal activity could have resulted in very high geothermal gradients and heat flow values (even over 100-160 mW/m 2 ), as seen in the coalfields of the Massif Central, France (Copard et al. 2000) , Cinera-Matallana Coalfield, Spain (Frings et al. 2004 ), Bohai Basin, China (Hu et al. 2001) , or the eastern Alps (Sachsenhofer 2001) . Recent work on clay minerals in mudstones from the Cinera-Matallana Coalfield (Frings and Warr 2012) has revealed a complex mineralization history related to localized igneous and hydrothermal activity associated with strike-slip faulting. Peak temperatures (up to ca. 300 °C) are found in areas of high fluid flow, with the hot hydrothermal growth of well-crystallized clay minerals occurring both prior to and synchronous with the Late Carboniferous/Early Permian folding and faulting of the sedimentary sequence (Frings and Warr 2012) . The Sabero Coalfield is characterized by a moderate coal rank, and this suggests that any hydrothermal effects would not have been as intense as in other basins Ayllon 2003; Knight et al. 2000; Botor et al. 2009; Botor 2012) . The vitrinite reflectance values in the Sabero Coalfield are in the range of 0.8-1.8 % (i.e. 1.2-1.8 % as reported by Knight et al. 2000 ; 0.92-1.5 % by Colmenero et al. 2008; 0.8-1.5 % by Botor 2012) . Samples with much higher values can be found (e.g. 3.96 % Rmax) in rare cases, mostly in close association with sills (Botor et al. 2009 ). Estimated geothermal gradients of 52 °C/km (Botor 2012) are lower than those at other Stephanian basins (Mendez 1985; Frings et al. 2004; Ayllon et al. 2003) and in the Palaeozoic basement (c. 35 °C/km; Brime et al. 2001) . Aller et al. (2005) argued that increased heat flow due to hydrothermal-fluid circulation was the last important thermal episode in the SCZ, facilitated by pathways along faults. As a consequence, the effects of this episode are irregularly distributed within the basins (Brime et al. 2001; Aller et al. 2005) . Fluid inclusion results confirm that there was fracture-controlled fluid flow along thrusts and/or strike-slip faults (Gasparrini et al. 2003 (Gasparrini et al. , 2006 Ayllon et al. 2003) . The porosity and degree of compaction of the Stephanian sediments also likely to have played an important role in the coalification process, since relatively uncompacted and uncemented sediments would have facilitated fluid circulation (Duddy et al. 1994) . Therefore, any related fluid activity that may reflect anomalous thermal gradients can be expected to have left an imprint upon the Stephanian clastic deposits and coals, either during or after their deposition (Frings et al. 2004; Botor 2012) . Moreover, the abundance of hydrothermal mineralization and ore deposits in the Palaeozoic rocks (mainly in Carboniferous) related to regional faults constitutes the important metallogenic feature of the SCZ (Luque et al. 1990 ). Mineralization took place in Permian times and was associated with an extensional stress regime with a fluid temperature range of 100-300 °C (e.g. Gómez-Fernández et al. 2000; Ayllon et al. 2003; Gasparrini et al. 2003) . The fluid event was probably related to a thermal peak in the Latest Stephanian and the Early Permian times, when oroclinal bending was associated with crustal thinning as well as magmatism (Gutierrez- Alonso et al. 2004; Schneider et al. 2008) .
In the Permian period, localized increases in heat flow occurred along the fault areas due to the proximity of heat sources (magmatic intrusions and local hydrothermal flow related to extensional development) (Aller et al. 2005) . Hydrothermal events were more or less simultaneous with the increased heat flow related to the magmatism of the whole area (Bastida et al. 1999) . This magmatism could have promoted hydrothermal-fluid migration, especially in the areas of deep-seated faults along the Sabero-Gordon line (Gómez-Fernández et al. 2000) . Consequently, the metal-bearing fluids would have been associated with episodes of magmatism and remobilization of the crust occurring at the end of the Carboniferous times (e.g. Gómez-Fernández et al. 2000) and in the Early Permian, which, therefore, could have influenced the Stephanian rocks. However, hydrothermal circulation, although highly probable, has not been confirmed by the presence of any diagnostic minerals or high concentrations of metal elements in the Sabero Coalfield, probably due to low concentrations of metals in some areas (Botor 2011) .
The regional context of the AFT data in the Cantabrian Mountains has recently been summarized by Juez-Larré and Ter Voorde (2009, and references therein), who identified three main thermal episodes occurring at the regional scale following the intrusion of the Late Variscan plutons and their cooling in the upper crustal levels. The first two episodes involved heating related to the opening of the North Atlantic (Upper Jurassic-Early Cretaceous) and Bay of Biscay (Upper Cretaceous-Early Palaeogene). The third thermal episode involved cooling as a result of exhumation processes during the Palaeogene. Recent regional AFT studies show that the Cantabrian Mountains have experienced a long-term thermal history. Samples from the Variscan basement yield a large range of AFT ages from 247 ± 27 to 53.5 ± 12.9 Ma (Grobe et al. 2010; MartinGonzalez et al. 2012 ). In the CZ, detrital AFT dating results from Neo-Proterozoic and Palaeozoic sediments reveal that partial annealing conditions prevailed from as early as NeoProterozoic times (Carrière 2006) . In the west of CZ, AFT results suggest that episodes of heating during the opening of the Bay of Biscay were followed by cooling during the Alpidic shortening and unroofing in the Palaeogene-Neogene times (Carrière 2006 ).
Samples and methods
Ten tonstein horizons occur in the Stephanian sediments of the Sabero Coalfield (Knight et al. 2000) . Several samples were collected from these tonstein horizons, both from shallow coal mines and surface outcrops across the Sabero Coalfield area, initially to identify their petrological characteristics (Knight et al. 2000) . Petrological and geochemical studies of these tonsteins have revealed that these pyroclastic horizons are mainly composed of kaolinite, quartz, feldspars (plagioclases) and accessory minerals, mainly zircon as well as apatite (Knight et al. 2000) . They were most likely derived from a calc-alkaline rhyodacitic to rhyolitic eruptive source (Knight et al. 2000; Botor 2005 ). These tonstein layers are composed of altered, distal, air-fall volcanic ashes of common chemistry and origin (Knight et al. 2000) , which means that they are an excellent material for applying the AFT method. From these samples, ten were chosen for applying AFT analyses and also for measuring the vitrinite reflectance on the co-occurring coal material.
As a dating method, AFT analysis is a technique used to investigate the low-temperature thermal history of rocks. Fission track thermochronology is based on the analysis of radiation damage trails ('fission tracks') in uranium-bearing, non-conductive minerals and glasses. It is routinely applied on apatite, zircon and titanite. Fission tracks are produced continuously throughout geological time as a result of the spontaneous fission of 238 U atoms. They are submicroscopic features that can be revealed by chemical etching. Crucially, fission tracks are semi-stable features that can self-repair (shorten and eventually disappear) by a process known as annealing, at a rate that is a function of both time and temperature. The extent of any track shortening (exposure to elevated temperatures) in a sample can be quantified by examining the distribution of fission track lengths (e.g. Gleadow et al. 1986; Donelick et al. 2005; Braun et al. 2008) . Apatite fission tracks undergo partial annealing within the temperature range of 60-110 ± 10 °C (in the case of fluoroapatite), which is known as the APAZ. Fission tracks are completely annealed at temperatures higher than 110 ± 10 °C for 10 Ma (e.g. Donelick et al. 2005; Braun et al. 2008) . Some variations in annealing kinetics have been observed and attributed to differences in the chemical composition of apatites and the crystallographic orientation of the spontaneous tracks (e.g. Barbarand et al. 2003; Ketcham et al. 2007a, b) .
Apatite crystals were separated using conventional crushing, sieving, and magnetic and heavy liquids separation techniques. Apatite grains were mounted in epoxy resin on glass slides and polished to expose grain surfaces. Spontaneous tracks were revealed by 5 N HNO 3 at 20 °C for 20 s. Neutron fluence (flux) was monitored using CN5 uranium dosimeter glass. Thin flakes of low-U muscovite were used as external detectors. Samples together with age standards (Fish Canyon, Durango, and Mount Dromedary apatite) and CN5 standard glass dosimeters were irradiated with a thermal neutron nominal flux of 9 × 10 15 n/cm 2 at the Oregon State University TRIGA reactor (USA). After irradiation, muscovite was etched in 40 % HF for 45 min at 20 °C to reveal the induced tracks. For AFT analysis, we used the external detector and ζ age calibration methods in order to determine the fission track ages (Hurford and Green 1983; Hurford 1990 ). Track counting and length measurement of the horizontal confined fission tracks and the etch pit diameter (D par ) values were carried out by means of optical microscopy at 1250× magnification using a Nikon Eclipse E-600, equipped with a motorized stage, digitizing tablet, and drawing tube controlled by the FTStage 3.12 and FTStage 4.04 programs (Dumitru 1993) . All quoted AFT ages are the central ages of Galbraith and Laslett (1993) ± 1σ error. The degree to which individual AFT grain ages in a sample belong to a single population was assessed by a P(χ 2 ) statistic (Galbraith 1981) . Values of P(χ 2 ) below 5 % indicate a statistically significant spread in single grain ages and the presence of more than one population (e.g. Galbraith 1981 Galbraith , 1990 Galbraith and Laslett 1993) . The crystals chosen for confined track measurements had a well-polished surface parallel to the c-axis. For each sample, as many confined track lengths (Gleadow et al. 1986 ) as possible were measured. The measured confined track lengths were corrected for their crystallographic orientation by applying the computer code HeFTy to the data set (Donelick et al. 1999; Ketcham et al. 2007a) . Data analyses and age calculations were based on a Zeta value ζ 1 3 CN5 of 351.02 ± 7.91 for CN5 (Table 1) and accomplished by using Trackkey 4.2 software (Dunkl 2002) .
The mean random vitrinite reflectance (% R r ) was measured of samples with coal material occurring with the same tonstein samples used for AFT analyses. The reflectance measurements were carried out on polished grain sections using an Axioskop-Opton microscope in reflected white light mode, using a 50× oil immersion objective, following Table 1 Determination of personal mean zeta values, used for calculation of the apatite fission track ages AFT age is a central age of sample ± 1σ (error) (Galbraith and Laslett 1993) counted by using calibration method zeta ± 1σ (error) (Hurford and Green 1983; Hurford 1990) ); N d , number of counted tracks. P(χ 2 ) (%), probability homogeneity apatite population were showed by the test agreement χ 2 value (Galbraith 1981) IR code Standard (Sweeney and Burnham 1990) . Vitrinite reflectance continues to increase progressively with increasing temperature, allowing maximum palaeotemperatures to be directly estimated (e.g. Barker and Pawlewicz 1994; Sweeney and Burnham 1990) in the range where the fission tracks in apatite are totally annealed and therefore where AFT data only provides minimum estimates. Arne and Zentilli (1994) managed to relate specific R r values to the corresponding annealing of AFTs. They showed that reflectance values of 0.7 % (for fluoroapatites) to 0.9 % (for chlorine-rich apatites) are indicative of thermal histories that comprise heating to temperatures high enough to totally reset the AFT ages. Integration of the AFT analyses and vitrinite reflectance data allows the framework for a coherent thermal history to be established (e.g. Bray et al. 1992) . Thermal modelling of the analysed samples was performed using HeFTy software (Ketcham 2005) . This program uses induced data (such as AFT ages, confined track lengths, and etch-pits measurements) to define 'acceptable' time-temperature paths that pass baseline statistical criteria and also conform to a possible set of user-defined geological criteria (Ketcham 2005) . This is a numerical search routine based on a data-driven approach using Monte Carlo methods. Thermal histories were modelled using the multi-kinetic model (Ketcham et al. 2007b) , and D par values were used as kinetic parameters. The model c-axis projected length and c-axis projection were used (Ketcham et al. 2007b) , and the default initial mean track length was calculated from D par values. Randomly generated thermal histories predicted the AFT age and length parameters and compared them to the measured data. Time-temperature (t-T) paths were statistically evaluated and categorized by a 'goodness of fit' (GOF) value in which a 'good' result corresponds to a value of 0.5, an 'acceptable' result corresponds to a value of 0.05, and a GOF of 1 is the optimum (Ketcham 2005) . For a comprehensive overview of fission track methods and their modelling techniques, the reader is referred to Donelick et al. (2005) , Ketcham (2005) , Ketcham et al. (2007b) and Braun et al. (2008) .
Results

Apatite fission track analyses
The sample locations and their stratigraphic positions are given in Table 2 and Fig. 1 (Table 3 ; Figs. 1, 2) . Since all of the analysed samples had central AFT ages significantly younger than the Stephanian stratigraphic age of the layers from which they were collected (Table 3 ; Fig. 1 ), the samples must have experienced post-depositional temperatures in excess of 110 °C (for at least 10 Ma), which leads to the resetting of the AFT system. A total of 334 lengths of horizontal confined spontaneous fission tracks were measured (21-94 per sample, Table 4 ). The mean track lengths obtained ranged from 11.5 ± 1.4 to 12.5 ± 1.5 µm. All (Table 4 ). The SD values of track length ranged from 1.4 to 1.7 μm (Table 4 ). The measured confined track lengths were corrected for their orientation to the crystallographic c-axis by applying HeFTy software to the data set (Table 4 ). The mean c-axis projected lengths changed to a distribution between 12.5 ± 1.2 and 13.4 ± 1.2 µm. With the exception of P75, all the samples showed a negative skewness of between −0.02 and −0.67 (Table 4) . The SD values of the c-axis projected track length ranged from 1.0 to 1.6 μm (Table 4 ). These data show moderately slow cooling. The samples seem to have unimodal, narrow track length distributions, which could correspond to a cooling after a single heating event responsible for the shortening of tracks with no additional significant reheating events (Green 1986) . Only sample P89 probably shows a mixed track length distribution ( Fig. 1; Table 4 ), which could be related to a more complex thermal history. However, the SD of the distribution c-axis corrected track length in sample P89 is only 1.6 μm, which is not a convincing bimodal distribution. The samples P22A, P24, and P75 have an inadequate number of track length measurements (21-31, Table 4 ) for interpretation and thermal modelling. The average etch pit diameter of tracks (D par ) was measured for all samples (Table 4) as it is indicative of the annealing kinetics of apatites (Burtner et al. 1994; Barbarand et al. 2003; Donelick et al. 2005; Ketcham et al. 2007a, b) . The mean D par values of the Sabero samples are in the range of 1.1 ± 0.1 to 2.2 ± 0.2 μm (Table 4) , which generally correspond to fluoroapatites that are characterized by low resistance in annealing (Barbarand et al. 2003; Donelick et al. 2005) . With the exception of two samples (P22A, P89) which show a positive skewness in the range 0.26-0.28, all other samples exhibit a negative skewness between −0.07 and −1.12. The larger skewness values indicate a larger variation in etch pit size. In sample P22A, the smallest etch pit size is 1.65 µm, and the largest etch pit size is 2.43 µm. Sample P89 shows the smallest etch pit size of 1.76 µm and the biggest of 2.87 µm (Table 4) .
Vitrinite reflectance
Mean random vitrinite reflectance (R r ) values in the analysed samples are in the range of 0.91-1.20 % (Table 3) , which indicates a heating event after deposition strong enough to cause complete annealing of the fission tracks in apatite crystals from these strata (Arne and Zentilli 1994; Gallhager et al. 1998 ). According to different proposed methods, the measured R r values were translated into maximum palaeotemperatures. Barker and Pawlewicz's (1994) method indicated temperatures of 126-151 °C for (Donelick et al. 2005) ); N d , numbers of counted tracks. Dispersion in age is showed in % and illustrate dispersion obtained ages analysed apatite. 2 ) (%), probability homogeneity apatite population were showed by the test agreement χ 2 value (Galbraith 1981) AFT age ± 1σ error is a central age of sample (Galbraith and Laslett 1993) counted by using calibration method zeta (Hurford and Green 1983; Hurford 1990) burial-induced coalification or 158-176 °C for hydrothermally induced coalification (Fig. 3) . Similar values also resulted from Sweeney and Burnham's (1990) method: ~130-155 °C for 10 Ma of effective heating time or ~145-170 °C for 1 Ma of effective heating time.
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Discussion
The Cretaceous AFT central ages (i.e. 140.8 ± 7.5 to 65.8 ± 8.1 Ma) of the Carboniferous (Stephanian) analysed samples indicate post-formation resetting, and therefore at least one heating event exceeding the temperatures of 110 °C took place and/or there was a prolonged stay in the APAZ. Therefore, the inverse thermal modelling of samples P89, P60, and P37 was carried out (Fig. 3) by means of HeFTy software (Ketcham 2005; Ketcham et al. 2007b ) in order to test the geological constraints against the thermochronological data set. Unfortunately, low track length counts in samples P75, P24, and P22a (31, 29, and 21, respectively; Table 4) precludes effective modelling and therefore the investigation of their post-sedimentation time-temperature (t-T) paths. Details of the thermal modelling strategies for AFT data have been outlined by Ketcham et al. (2000) and Ketcham (2005) .
In the analysed sample set, the beginning of the t-T paths was defined by the estimated ground temperature (25 °C) during the time of the deposition of samples (~302-306 Ma, Stephanian; Knight 1983; Knight et al. 2000) , whilst their end was defined by the average presentday ground temperatures (13 °C) at 0 Ma. In this setting, calculations were performed until the software calculated 100 good paths. Modelling was initially performed without any other limitations except for the ones mentioned above, but the resultant models were completely unsuccessful. There were no resulting paths at all that passed the baseline statistical criteria. Therefore, new models (Fig. 3) were constructed taking into account previous thermal history studies in the SCZ (García-López et al. 1997 , 2007 Ayllon 2003; Ayllon et al. 2003; Frings et al. 2004; Aller et al. 2005; Frings and Warr 2012; Botor 2012) , which indicated that the Late Carboniferous-Permian period was the main heating time. Vitrinite reflectance data were used to calculate the maximum palaeotemperatures (values T max 2 and T max 3 in Fig. 3 ) reached by the tonstein samples (~130-180 °C). Based on this geological information, a new t-T constraint was added to the modelling corresponding to a heating event in the Permian time (i.e. 299-250 Ma). The temperature range of this Permian constraint was drawn wider than the temperature calculated from R r , because the latter is not very precise (e.g. Barker and Pawlewicz 1994; Sweeney and Burnham 1990) (Fig. 3) . Thermal history modelling, which included maximum temperature information from vitrinite reflectance data (Fig. 3) , shows that most of this heating took place in the Permian and probably reached temperatures in the range of 130-180 °C. However, the AFT data alone give evidence that temperature was higher than 110 °C. The results of the thermal modelling of the Sabero Coalfield (Fig. 3) clearly indicated that the assumption about the latest Carboniferous-Permian heating allowed the best-fit calibration in all modelled samples (P37, P60, and P89). Previous studies applying different methods (clay minerals, fluid inclusions, vitrinite reflectance) in SCZ and the Sabero Coalfield have also led to similar conclusions (Bastida et al. 1999; Ayllon et al. 2003; Ayllon 2003; Frings et al. 2004; Aller et al. 2005; Colmenero et al. 2008; Botor et al. 2009; Botor 2012) . Heating to temperatures of at least 110 °C caused the complete resetting of AFT ages. After the maximum temperature climax, cooling generally occurred in the post-Permian period (Fig. 3) , confirming that rocks near major faults like the Sabero-Gordon show evidence of late to post-Variscan total thermal resetting associated with sedimentary burial and circulation of thermal convection brines due to extension along the faults (Carrière 2006) . Generally, the Stephanian rocks in the study area could have stayed at temperatures over 110 °C from the Early Permian to the Middle Triassic or even to the beginning of the Early Jurassic (Fig. 3) . Cooling through the APAZ occurred between the Late Permian and Neogene (Fig. 3) . The cause of Permian heating event must have involved an increase in the geothermal gradient related to magmatic and hydrothermal activity, because the burial at normal geothermal gradients (30 °C/km) would have required at least 4.5-6 km of sedimentary sequence. Thicknesses of Stephanian deposits reach a maximum of 2 km (Knight et al. 2000) , whilst several hundred metres of Permian strata were deposited in local basins, mainly in the northern part of the Cantabrian Mountains (Martinez-Garcia 1981; Suárez-Rodrigues 1988) . However, the possibility cannot be excluded that both factors, the Early Permian sedimentary burial and the increase in the geothermal gradient due to magmatic and hydrothermal activity, could have contributed to heating in Permian times. In the vicinity of the Sabero Coalfield, there is no Triassic or Jurassic sedimentary cover (Suárez-Rodrigues 1988; Martinez-Garcia 1981; Lopez-Gomez et al. 2002) . Subsequently, additional models were constructed for samples P89, P60, and P37 in order to check the possible influence of the Cretaceous heating being caused by burial, which can be connected with the Albian-Santonian sedimentary cover (Evers 1967) that has been documented at the western end of the Sabero Coalfield (Fig. 1) . Assuming an average geothermal gradient of 28 °C/km (Fernández et al. 1998 ) and a sedimentary sequence of a maximum of 800 m thick, the expected increase in the temperature could be expected to be about 22 °C during the Late Cretaceous. But the calculated thermal models assuming Cretaceous heating are very similar to the models depicted in Fig. 3 ; therefore, they are not shown. The temperature of the Stephanian rocks was probably much lower than 60 °C in Cretaceous times, because the possible Cretaceous heating did not influence these Fig. 3 Thermal modelling results of samples P37, P60, and P897 from the Sabero Coalfield. Thermal modelling has been performed by HeFTy software (Ketcham 2005) . Dark grey envelope of the t-T paths with good fitting: light grey acceptable fitting (for details, see Ketcham et al. 2005 Ketcham et al. , 2007a . A starting point (~304 Ma; 25 °C) and the present-day point (0 Ma; 13 °C) were applied in the modelling. The inserted box for the Permian heating has maximum temperature range above value calculated from R r in order to allow undisturbed t-T modelling. T max 1, maximum palaeotemperature resulting from thermal modelling for the best fitting curve after inserting t-T constraints (the calculated value is not precise over ~110 °C); T max 2, burial maximum palaeotemperature (based on Barker and Pawlewicz 1994); T max 3, hydrothermal maximum palaeotemperature (based on Barker and Pawlewicz 1994); R r , mean random vitrinite reflectance; s.d., standard deviation; GOF, goodness of fit (Ketcham 2005 Stephanian rocks. Therefore, it seems that it was unlikely that the Stephanian rocks were covered by Cretaceous sediments in most of the area of the Sabero Coalfield. AFT data from the neighbouring Cinera-Matallana Coalfield, 14 km west of Sabero, (Carrière 2006) suggest that the palaeotemperature of the Stephanian rocks slightly increased in Cretaceous times. This suggestion was not confirmed by our samples from the Sabero Coalfield (Fig. 3) . A single heating event calculated by the thermal modelling agrees with the unimodal track length distribution (Fig. 1) . Rather low mean track lengths (Table 4 ) confirm a relatively long stay in the APAZ, which is also visible in the thermal modelling results (Fig. 3) . The Permian heating phase in the Sabero Coalfield (Fig. 3) was probably caused by the well-known magmatism and its associated hydrothermal activity under an extensional tectonic regime (Aller et al. 2005; García-López et al. 1997 , 2007 . The important heating phase had a significant thermal effect due to a deep source of heat. The post-Permian cooling is consistent with both the (1) major exhumation after the Late Variscan basin inversion and (2) cooling after a high heat flow regime related to magmatism and hydrothermal activity in Permian times. All the analysed samples showed that a relatively slow cooling occurred in Mesozoic times, after the Late Carboniferous-Permian heating (Fig. 3) . They also indicated an increase in the cooling rate from the Tertiary up to the present day (Fig. 3) , which is consistent with the Cainozoic uplift of the Cantabrian Mountains and the last phase of erosion (Alonso et al. 1995) . The enhanced exhumation in the last 20-40 Ma is also supported by the cooling pattern in other parts of the Variscan basement (Barbero et al. 2001 (Barbero et al. , 2002 (Barbero et al. , 2005 .
The irregular thermal maturity pattern in the Sabero Coalfield (Botor 2012 ) may reflect the influence of underlying magmatic intrusions (sills and dykes) and hydrothermal-fluid migration, or it could also be related to movements by faults. Stratigraphic and sedimentological analysis of the Stephanian coalfields in the SCZ indicates that they probably represent part of a wider single depositional basin (Heward 1978; Wagner and Winkler-Prins 1985; Knight et al. 2000) . A totally eroded overburden related to coalification of the Stephanian rocks was deposited in the Late Stephanian or perhaps also in the Permian. The Permian overburden is indicated only by existence of the Permian age deposits in small basins localized in the area north of the Sabero Coalfield (Martinez-Garcia 1981; Suárez-Rodrigues 1988) . The thickness of the eroded Palaeozoic strata in the study area did not exceed 1600 m, according to calculations based on R r data (Botor 2012) . The subsidence rate in the Sabero basin was high (~500-700 m/Ma), considering that approximately 2 km thickness of sediments remain up to the present day and the depositional period of around 3-4 million years. The additional sedimentary burial (~1600 m) in the Late Carboniferous or Permian might have caused a temperature increase in about 80 °C, assuming a geothermal gradient of 52 °C/km (Botor 2012) . Taking into account the surface temperature during the Stephanian sedimentation of ~25 °C and the above mentioned temperature increase in about 80 °C, the temperature in the analysed Stephanian rocks could increase only up to 105 °C, whilst the temperature calculated from R r in samples in the study area was ~130-180 °C (Fig. 3) . Therefore, it is evident that burial maximum temperature alone was too low to increase the temperature to the level recorded by R r . This line of evidence allows us to assume that the high Late Carboniferous-Permian heat flow was likely to have been controlled by magmatic events and related hydrothermal activity. The variability amongst the Permian part of the time-temperature paths (heating period, Fig. 3 ) may be attributed to a fault-delivered differential hydrothermal-fluid circulation coeval with the final stages of the oroclinal-bending-triggered lithospheric delamination (Gutierrez- Alonso et al. 2004 ) and/or extensional collapse (e.g. Martinez-Catalan et al. 1997) in the north-western Iberian Peninsula. The thermal history of the Sabero Coalfield seems to be related mainly to localized heat redistribution attributed to fault activity. Taking into account the above facts, it seems that the primary Stephanian burial-related coalification pattern was likely to have been overprinted by a fluid flow event, which is supposed to have occurred in Permian times.
Conclusions
Apatite fission track central ages from the Carboniferous (Stephanian) tonsteins in the Sabero Coalfield range from 140.8 ± 7.5 (Early Cretaceous) to 65.8 ± 8.1 Ma (Late Cretaceous), indicating substantial post-depositional annealing. These results indicate that the Stephanian rocks were heated to temperatures above 110 °C, which is sufficient to totally anneal AFTs. This finding is in accordance with the moderate to high levels of thermal maturity of the organic matter (0.9-1.2 % R r ) within these rocks. The unimodal track length distributions, the relatively short mean track length (12.5-13.4 μm for c-axis projected track length), and the rather low SD (1.0-1.6 μm) indicate a thermal history that could be related to the post-late Variscan heating event(s) followed by a prolonged residence in the apatite partial annealing zone. The Late Carboniferous-Early Permian magmatic activity responsible for the high heat flow (Aller et al. 2005) , together with the added effect of significant sedimentary burial in the Late Carboniferous (Botor 2012) could account for the resetting of the AFT system in the Sabero Coalfield. The presence of another mechanism such as fault-related hydrothermal activity Aller et al. 2005; Gasparrini et al. 2006; Botor 2012; Frings and Warr 2012) appears to have been the factor that could have redistributed the heat in areas of significant subsidence and sedimentation, particularly in the vicinity of faults. Thermal modelling using AFT and R r data has shown that the coalification of organic matter contained in the Stephanian rocks occurred in the Permian, since rather lower palaeotemperatures are indicated for the Mesozoic-Cainozoic period. The postPermian thermal history does not appear to have any influence on the maturation of the Stephanian organic matter. Finally, exhumation and associated erosion rates may possibly have been faster in the Tertiary, causing the present exposure of the studied rocks.
